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Transport properties of single-wall carbon nanotube Y junctions
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Quantum conductivity of a wide class of carbon nanotube Y junctions is calculated using an efficient Green’s
function embedding scheme. Our results indicate that rectification and switching properties of these junctions
depend strongly on the symmetry and to a lesser degree on chirality. We find that a zig-zag tube forming the
stem of a symmetric Y junction is sufficient to cause perfect rectification across the junction, otherwise theI -V
characteristics remain asymmetric with some leakage current for positive bias voltages. For asymmetric Y
junction, on the other hand, we find that no rectification at all is possible. We invoke a model calculation
involving Y branching in molecules as well as in nanotubes to explain the dependence of rectification on the
nature of the geometry at the branching.
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I. INTRODUCTION

The carbon nanotube junctions have recently emerge
excellent candidates for use as building blocks in the form
tion of nanoscale electronic devices. The discovery of loc
ized bends in multiwalled pure carbon nanotubes1 has in-
spired theoretical investigations of simple two-point tu
junctions in single-walled tubes.2–5 If such a heterojunction
is formed by two nanotubes, one semiconducting and
other metallic, the junction will function like a rectifying
diode. The two-terminal rectifying devices, however, lack t
versatility of the three-terminal devices where the third t
minal could be used for controlling the switching mech
nism, power gain, or other transisting applications that
needed in any extended molecular electronic circuit.

Connecting different single-wall carbon nanotub
~SWCN! to form three-terminal nanotube heterojunctio
have been proposed recently.6–9 In particular, we suggeste
the use of carbon nanotube ‘‘T’’ and ‘‘Y junctions’’ as three
terminal nanoscale molecular electronic devices.8,9

Earlier experimental observations of carbon nanotub
junctions10,11 did not attract much attention for electronic
applications due mainly to the difficulties associated w
their synthesis and the complexities of their structures.
order for the Y junctions to be useful from device persp
tive, controlled and high-yield production of these junctio
is required. Very recently, experimentalists have succee
in developing template-based chemical vapor depositio12

and pyrolysis of organometallic precursor with nickeloce
and thiophene techniques13 that allows for the reproducible
and high-yield fabrication of carbon nanotube
junctions.12,13 While the template-produced junctions co
sisted of large diameter stems with two smaller branc
with an acute angle between them resembling ‘‘tun
forks,’’12 the pyrolysis method produced multiple Y jun
tions along a continuous nanotube.13 The conductance mea
surements on these Y junctions have shown intrinsic non
ear and asymmetricI -V behavior at room temperature.13,14
0163-1829/2002/65~16!/165416~13!/$20.00 65 1654
as
-

l-

e

e
-
-
e

Y

n
-

ed

e

s

-

Following the experimental works reporting the co
trolled and high-yield synthesis of carbon nanotube Y jun
tions, we calculated the current vs voltage (I -V) characteris-
tics of these junctions. In order to make a direct comparis
with experiments, our work mainly focused on semicondu
ing Y junctions with symmetric branchings. Our resu
showed rectification for these junctions supporting the
perimental findings. The highlights of our paper have
cently been published in short articles.15,16 In this paper, we
present a detailed study ofI -V characteristics of Y junctions
with various combinations of stem and branch diameters
chiralities.

This paper is organized as follows: In Sec. II, we descr
the relationship between the number of defect rings and
number of branches for an arbitrary nanotube junction.
Sec. III, we detail the formalism for calculating quantu
conductivity of three-terminal junctions. In Sec. IV, we di
cuss the ballistic switching applications of SWCN Y jun
tions. Our results are presented in Sec. V. A discussion of
results is in Sec. VI.

II. TOPOLOGICAL CONSIDERATIONS

Although pristine SWCNs contain only hexagonal a
rangement of carbon atoms, formation of a multitermin
junction requires the presence of topological defects in
form of pentagons, heptagons, and octagons. This is esse
for maintainingsp2 configuration for all carbon atoms in
order to maximize stability. It is interesting to note that t
pological defects in multiterminal junctions including the
junctions obey a generalization of the well-known Eule
formula. By considering only nonhexagonal polygons on
surface of a closed polyhedron in terms of the faces, verti
and edges, a consideration for the formation of complex m
tiple junctions in terms of local bond surplus at the juncti
was proposed by Crespi.17 The excess in the number of po
©2002 The American Physical Society16-1
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lygonal sides due to nonhexagonal polygons is called lo
bond surplus. For example, the presence of a pentagon i
otherwise hexagonal sheet contributes to a bond surplus
21, while heptagons and octagons contribute to bond
pluses of11 and12 each, respectively. The considerati
proposed by Crespi is that a junction or a series of juncti
made ofN half nanotubes have a bond deficit of 6(N22).
For all three-point junctions~such as Y junctions! this gives
a bond surplus of16, and for all four-point junctions this
gives a bond surplus of112 at the junctions. In the Appen
dix we show the equivalence of Crespi’s consideration w
Euler’s rule.

III. QUANTUM CONDUCTANCE OF SWCN THREE-
TERMINAL JUNCTIONS

In this section, we present details of an embedd
Green’s-function approach for the calculation of quant
conductivity of three-terminal SWCN junctions. The forma
ism for simple two-terminal junctions have been detai
elsewhere.18

The most commonly used computational schemes for
culating the~coherent! current-voltage, (I -V), characteristics
of single-wall carbon nanotubes~SWCN! in contact with
metal leads is based on the Landauer expression19 which
relates the electron conductance,G, with the transmission
function,T(E) ~for a recent review see Ref. 20!. The latter is
usually obtained within either the transfer Hamiltoni
approach21,22 or the Green’s-function scattering formalism

The Green’s function scattering approach is based on
existing relationship between the Green’s function and
transmission function.23,24 This approach appears to b
equivalent to the weak-coupling version of Bardeen’s tra
fer Hamiltonian21 as discussed by Datta25 ~provided that one
of the metal-tube couplings is weak!.26 The Green’s-function
approach coupled with a simple tight-binding model w
one p electron per atom has been used by many group
calculate the SWCN conductivity.28,27

Use of the Green’s functions also allows us to utilize va
ous embedding schemes that have been used with succe
electronic structure calculations.29–35 Recently, using the
Green’s function approach in conjunction with the embe
ding scheme of Inglesfield and Fisher,32,35 we proposed an
efficient computational scheme18 that was used to obtain th
I -V characteristics of two-point~straight! SWCN junction in
contact with metal leads. The extension of this formalism
three-point junctions~detailed next! was used to calculate th
I -V characteristics of SWCN Y junctions.15,16

A. Calculation of the I -V characteristics

We make the assumption that each of theN metal-leads
M j (hkl), ( j 51, . . . ,N) is oriented in such a way that th
^hkl& planes of the host lattice~metal lead! is parallel to the
tube-lead interface and taken to be semi infinite. When
system is subjected to a bias voltage,Vj , the effect of the
metal lead can be described entirely by introducing a s
energy termS j (E;Vj ) which acts on the tube atoms in co
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tact with this lead. As a result, the tube HamiltonianH of a
tube in contact withN-metal leads takes the form24

H5H~E;V!5HC2(
j 51

N

S j~E;Vj !, ~1!

whereHC is the Hamiltonian of the free tube and the symb
V is used to represent the set of bias-voltagesVj , j
51, . . . ,N applied to theN metal leads, respectively.

The HamiltonianH contains most of the information
about the tube in contact with the metal leads; its solut
provides all the necessary factors for calculating spec
properties of interest. In the present paper, we proceed
calculating the Green’s function GC associated with the
Hamiltonian of Eq.~1!, by a simple inversion, i.e.,

GC~E;V!5S E2HC2(
j 51

N

S j~E;Vj !D 21

. ~2!

In the tight-binding formulation used in the present pap
both the Hamiltonians and the Green’s functions are e
taken to beNatNorb3NatNorb matrices, whereNat is the
number of atoms in the embedding subspace andNorb is the
number of orbitals on each atom. We useNorb54 for carbon
that includes 12s and 32p orbitals. Additionally, we use
Norb59 for Ni ~taken to be the material of the leads! that
includes 12s, 32p, and 52d orbitals. The metal lead is
taken to be a 3d transition metal. We note that with som
exceptions~see Refs. 27,36,38! most of the previous works
on quantum transport of relatively large systems use o
onep-electron orbital per atom.

In terms of the Green’s function@given by Eq.~2!#, the
transmission functionTi j (E;V) between the ith andj th
metal leads kept at the bias voltagesVi andVj , respectively,
is obtained from the following equation:24

Ti j ~E;V!5tr@G i~E;Vi !GC~E;V!G j~E;Vj !GC
† ~E;V!#,

i , j 51, . . . ,N, ~3!

where

G j~E;Vj !5 i @S j~E;Vj !2S j
†~E;Vj !#, j 51, . . . ,N. ~4!

Having obtained the functionsTi j (E;V), we next use the
formalism of Landauer, Datta, and Buttiker19,24,37to calculate
the currentI i passing through the branchi of the tube fori
51, . . . ,N in terms of the applied branch voltagesVi ,i
51, . . . ,N , according to the expression

I i5
2e

h (
j 51

N E
2`

1`

dETi j ~E;V!@ f ~m i !2 f ~m j !#, ~5!

where f is the Fermi function, EF the Fermi energy of the
system and,m i5EF2eVi . f is expressed in terms of th
temperatureT and Boltzmann’s constantkB in the usual way,

f ~m i !51/@11exp~E2m i !/kBT#. ~6!

B. Evaluation of self-energy terms

The main computational step in calculating theI -V char-
acteristic of a SWCN~straight or multiterminal! is the calcu-
6-2
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lation of the self-energy termsS j (E;Vj ), j 51, . . . ,N which
describe the interaction between thej th metal lead with the
jth branch of the SWCN,j 51, . . . ,N. We accomplish this
by utilizing the embedding scheme of Inglesfield a
Fisher.32,35 This method is an alternative application of th
Green’s-function matching method that has been used in
ferent forms recently in various studies.27,29–31,38We demon-
strate our approach by applying to a simpler system con
ing of a semi-infinite SWCN in contact with a semi-infini
metal lead: i.e., a semi-infinite SWCN connected at one o
ends to a semi-infinite metallic lead. Within an embedd
scheme, the metallic lead~say thej th one! takes the place o
a host lattice in which the nanotube is assumed to be em
ded. We then construct a boundary surfaceSj which sepa-
rates the embedded system~tube! from the host lattice~lead!.
According to Inglesfield’s approach,32 ~see also Ref. 34!, the
effect of the host lattice can be efficiently incorporated in
the bare tube Hamiltonian through a surface inverse of
Green’s function of the free host crystal obeying Neuman
boundary condition onSj . As shown by Fisher,35 the process
of the surface-inversion can be avoided if the Green’s fu
tion of the free substrate satisfies the Dirichlet’s condition
the boundary surfaceSj . According to Fisher,35 if
G(r1 ,r2 ;E) is the Green’s function of the host satisfying th
Dirichlet’s boundary condition onSj , then the host-tube in
teraction,SSj

(r1 ,r2 ;E), (r1 ,r2, defined onSj ), can be evalu-
ated from the following formula:

SSj
~r1 ,r2 ;E!52

1

4

]2

]n1
( j )]n2

( j )
G( j )~r1 ,r2 ;E! ~7!

where]/]n( j ) denotes the derivative normal toSj .
Here, SSj

(r1 ,r2 ;E) @to be denoted simply by

S j (r1 ,r2 ;E) in the following# is the electron self-energ
~SE! term that describes the interaction of thej th metal lead
with the tube ifG( j )(r ,r 8;E) is taken to be the Green’s func
tion for the unperturbedj th metal lead. The problem of con
structing the lead-tube interaction, therefore, become
problem of constructing the Green function of a semi-infin
metal lead satisfying the Dirichlet’s condition on the lea
tube interface. For this step, we follow the method of Sanv
et al.39 This state-of-the-art embedding scheme, thus, allo
a realistic description of the lead-metal interaction.

It is worth noting that the present approach is similar
spirit to the subspace Hamiltonian method that we have u
in earlier studies29–31and with that of Nardelli as well as tha
of Nardelli and Bernholc.27,38 The unique feature in the
present approach, however, is that the effect of the m
leads on the SWCN is entirely described by quantities of
host material solely. This is a basic feature of the embedd
scheme of Inglesfield.32 ~See also the work of Baraff an
Schluter33 for further details!.

In order to utilize the Inglesfield-Fisher32,35 embedding
approach to calculate the tube-lead interaction in the cas
a multiterminal SWCN of finite length withN branches con-
nected toN metal leads, we take each metal lead as a se
infinite metal and proceed with the calculation of each s
energyS j (E;Vj ), j 51, . . . ,N, in the same way as describe
16541
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in the case of semi-infinite SWCN in contact with a sem
infinite metal lead. The Green’s functionGC of the combined
tube-leads system and the transmission functions,Ti j (E;V),
are then obtained using Datta’s formulation24 according to
Eqs.~1!–~4!.

Figure 1 shows the basic geometry of the system con
ered in the present paper consisting of a straight SWCN c
nected to metal leads. The metal lead is assumed to be
ented in such a way that the (hkl) planes of the host lattice
~metal lead! is parallel to the tube-lead interface.

The plane passing through the carbon atoms forming
ring at the far end of thej th stem of the SWCN is taken to b
parallel to the (hkl) lattice planes of the semi-infinitej th
metal lead. Furthermore, the carbon ring is located at a
tance equal to the interplanar distance of the (hkl) lattice
planes in the bulk phase of the metal lead. The plane of
j th metal lead in contact with the carbon ring of thej th
branch of the SWCN is taken to be theSj surface on which
the Green’s function of the left metal lead satisfies the
richlet’s boundary condition.

C. Evaluation of Green’s function of metal-lead

In the case where the metal lead is taken to be a se
infinite periodic system, one can proceed with the constr
tion of the Green’s function of the metal lead by followin
the work of Sanvitoet al.39 In a matrix formulation of their
theory, the Green’s function of the metal lead, which satis
Dirichlet’s boundary condition onSj ~taken to be thez5z0
plane! takes the form,

Glatt~z,z8;E!522@FL~z2z8!F†2F̄L̄~z2z0!

3F̄†FL~z02z8!F†#P21, ~8!

P5FkF†2F̄k̄F̄†, ~9!

whereF, (F̄) is the matrix consisting of the set of eigen
vectors of the tight-binding~TB! Hamiltonian propagating to
the right ~left! and decaying to the right~left!.

The Hamiltonian of each metal-lead has the form

Hlatt5S 2H1
21~H02E! 2H1

21H1
†

I 0 D , ~10!

FIG. 1. Schematic representation of the basic geometry of
system considered in the present paper consisting of a stra
SWCN connected to metal leads.
6-3
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where the matricesH0 , H1, I , and0 areN3N matrices (N
5NatNorb) with I , 0 being the unit and null matrices, respe
tively. H0 the intralayer andH1 the interlayer Hamiltonians
as defined by Sanvitoet. al.39 ~The layer is taken to be a
lattice plane parallel to the surface!. Note thatHlatt is com-
plex and, in general, non-Hermitian. Two sets of eigenv
tors, therefore, must exist representing ‘‘left’’ and ‘‘right.’’ In
particular, eigenvectorsF j and F̄ j are the upper half com
ponents of the corresponding ‘‘left’’ and ‘‘right’’ eigenvec
tors, respectively, of the matrixHlatt . The eigenvalues cor
responding to the eigenvectorsF j (F̄ j ) are written in the
general complex formeik ja (eik̄ ja), a being the interplanar
distance of the (hkl) lattice planes of the metal lead. Th
wave-vectorskj ( k̄ j ) are complex numbers in general. Th
matricesk and L(z) @and k̄ and L̄~z!# are diagonalN3N
matrices related by the equation,

k5
d

dz
L~z! ~11!

with

L j j ~z!5eik jz. ~12!

It is now straightforward to show that in this case, the
@calculated according to Eq.~7!# takes the form~for z5z8
5z02na, wheren is a real number!,

SSj
~E!52

1

2
@Fkln

21F†2F̄k̄l̄n
21F̄†#FklnF†P21,

~13!

where ln is a diagonal (N3N) matrix with diagonal ele-
ments

~ln! j j 5eik jna. ~14!

For ln equal to the unit matrix (n50), Eq. ~13! reduces to

SSj
~E!52

1

2
PFkF†P2152

1

2
FkF†. ~15!

In this form, its relationship to the corresponding result d
rived for the jellium case should be apparent.18 The present
paper requires that we taken50.

D. Brief review of tight binding molecular-dynamics method
and approximations used

One of our approximations has to do with the fact th
while the SEs constructed are expressed in the basis-set
resentation of atomic orbitals centered on the lattice point
the metal leads, the basis set used for the TB represent
of the bare tube is based on atomic orbitals centered on
tube atoms. As the tube atoms affected by the contacts
not always located on lattice points of the metal leads
becomes necessary to transform the TB description of the
from one representation to the other. Within our tight bindi
molecular-dynamics~TBMD! approach, because we are u
ing universal TB parameters,40 the simplest way to achiev
this is to take the same number of orbitals for the tube
16541
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well as the metal-lead atoms and assume that the TB pa
eters of the SEs can be scaled with respect to the inter-ato
distance according to the same law as the TB paramete
the SWCN ~see, for example, Ref. 41!. Another approach
would be to take the metal-lead atoms, which are in dir
contact with the tube, as part of the tube and apply the S
on these metal-lead atoms. In the latter case, howeve
broadening of the resonance peaks of the transmission f
tions Ti j (E;V) is expected.42 In the present paper, we tak
the same number of basis functions to describe both
metal and the SWCN but avoid any scaling corrections
simplicity. Thus, our method is not restricted to idealiz
surfaces as shown in Fig. 1. Instead, by considering the
atoms of the contact regions as part of the tube~with tube
atoms relaxed! we are able to study the effect of the micr
scopic contact details on the transport properties of
SWCNs. Full consideration of the lead-nanotube interfa
that includes the relaxation of lead atoms is a computati
ally intensive endeavor and outside the scope of the pre
paper. Nevertheless, our calculations on smaller two-pr
~straight! SWCNs have shown~in agreement with Ref. 41!
that the inclusion of the metal lead atoms in the tube Ham
tonian does not change the qualitative features of theI -V
curves; their main effect being the broadening of the re
nance peaks ofT(E). Therefore, in the present paper, w
used the approximation of Eq.~16! in the calculations that
follow.

Another approximation pertains to the effect of the a
plied bias voltages,Vj , j 51, . . . ,N, on the transmission
functions Ti j (E;V) and the self-consistency requiremen
This is because the bias voltages shift the Fermi level of e
metal lead relative to that of the bare tube and, this in tu
gives rise to charge transfer from the metal leads towards
tube atoms or vice versa. The charge-transfer process t
to smooth out the abrupt potential step introduced by the b
voltage at the metal-tube interface. As Farajianet. al. have
shown,43 this smoothing effect is more pronounced at hi
bias voltages and exhibits Friedel-type oscillations which
cay quickly away from the interface. Although we have d
veloped a self-consistent tight binding molecular-dynam
~TBMD! formalism44 capable of treating charge-transfer e
fects effectively, we have found it computationally prohib
tive to include charge transfer in our studies of the transp
properties of the SWCNs. For this reason and due to the
that the smoothing effect due to charge transfer is quite sm
for low bias voltages,43 we have ignored the smoothing pro
cess and focused only on the effect of the bias voltage on
transmission function of a straight SWCN.18 We have shown
that when the applied bias voltage is symmetrically distr
uted between the two metal leads~i.e., adopting theh51/2
model of Tianet al.45!, the approximation

Ti j ~E;V!'Ti j ~E! ~16!

is very satisfactory as expected.46 We have tested the ap
proximation dictated by Eq.~16! in the case of Y-junction
SWCNs ~YSWCNs! when biased according to Eq.~17!
~shown below!. It was found that using the exact voltag
dependence ofTi j (E;V) the calculatedI -V characteristics do
6-4
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not differ appreciably from those obtained using the appro
mation dictated by Eq.~16!. Thus, in the present paper w
used the approximation of Eq.~16! in the calculations tha
follow.

IV. BALLISTIC SWITCHING AND RECTIFICATION

Soon after their production, it was experimentally co
firmed that YSWCNs exhibit rectification properties.12,14 At
the same time, theoretical investigations predicted the po
bility of YSWCNs to operate as ballistic switches in a w
analogous to that observed in Y-branch switches,~YBSs!,
made from materials other than carbon nanotubes, as fo
ample in YBSs based on the InP/InxGax21As
heterojunctions.47

The experimental setups used for studying the rectifi
tion and switching properties of YSWCNs and/or YBSs co
sist of12,14,47 ~in the following we will use the termsleft
branch, to be labeled byL, andright branch, to be labeled by
R, to denote the two branches of the YSWCN and will u
the termstem, to be labeled byS, to denote the remaining
third branch!

~1! Setup for determining theI -V characteristics. Both the
left and right branches are grounded and the stem is bias
the bias voltageVb , i.e.,

VL5VR50.00; VS5Vb . ~17!

In this setup one measures the dependence of the cur
I L , I R , andI S on the bias voltageVb .

~2! Switching Setup-1. The stem is grounded while t
left and right branches are biased as follows:

VL52VR5Vb ; VS50.00. ~18!

In this setup, one measures the dependence of the
current I S on the bias voltageVb under the conditionVS
50.00.

~3! Switching Setup-2. The stem is biased at voltageVS
while the right and left branches are biased as follows:

VL52VR5Vb ;I S50.00. ~19!

This setup, while experimentally feasible for YBSs,
currently not feasible for YSWCNs. In this setup, one me
sures the dependence of the stem voltageVS on the bias
voltageVb under the conditionI S50.00.

In the next section, we will present theoretical results
the I -V characteristics and the dependencesI S5 f (VL5
2VR)uVS50 and VS5 f (VL52VR)u I S50 for YSWCNs con-
sisting of SWCNs of different chiralities, both metallic an
semiconducting.

V. RESULTS

In this section we present our results of quantum cond
tivity calculations for various SWCN Y junctions. Since th
Y junctions are formed by the joining of three SWCNs, d
ameter and chirality considerations lead to a large numbe
possible permutations. The calculations of theI -V character-
16541
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istics of all the possible Y junctions are, therefore, clearly n
feasible. In order to make the problem tractable, we div
the Y junctions into two main categories and perform qua
tum conductivity calculations on a few Y junctions belongin
to each category. As will be seen later, many interesting p
terns can be deduced by a study of these junctions. The
categories consist of;~a! no change in chirality on branchin
and ~b! change in chirality on branching.

All these structures are relaxed using the nonorthogo
TBMD of Menon and Subbaswamy.48,49 In all cases studied
we used metal leads made of semi-infinite Ni metal in
^001& orientation. I.e., we have taken the^001& lattice plane
of the semi-infinite Ni to be the contact plane at each me
tube contact with the metal plane positioned at a dista
equal to the bulk-̂001&-interplanar distance from the oute
most carbon ring of the corresponding YSWCN stem. In t
way, the transport properties that are computed in the pre
paper for the various tubes correspond to the same con
and bias configurations, a condition that is necessary fo
meaningful comparison of the obtained results.

The TB formalism used is the same as that used pr
ously to treat Ni-C systems.41 This method has been use
with success in the treatment of interactions of Ni w
graphite,41 C60,50,51 SWCNs,52–54 as well as benzene
molecules.55

A. Y junctions with no change in chirality on branching

The four different Y junctions with all zigzag arms ar
shown in Fig. 2. They consist of~a! a ~14,0! stem branching
into two ~7,0! tubes,~b! three ~8,0! branches,~c! a ~17,0!
stem branching into~10,0! and ~7,0! tubes with an acute
angle between them and,~d! another~17,0! stem branching
into ~10,0! and ~7,0! tubes, but with a different angle be
tween the branches than in~c!. The branching is symmetric
in ~a! and~b! and asymmetric in~c! and~d!. The defect rings
are shown in dark. In Fig. 2~a! S,L, andR denote stem, left,
and right branches, respectively, of the Y junction. All the
Y junctions are semiconducting.

Note that each of these Y junctions satisfy the criteria
multiterminal junctions described in Sec. II with a bond su
plus of16. In the Y junctions shown in Fig. 2 the structure
~a!, ~b!, and ~c! contain six heptagonal defects each, wh
the structure in~d! contains four heptagons and an octago

Figure 3 shows theI -V characteristics of the~14,0!-~7,0!-
~7,0! Y junction @Fig. 2~a!# biased according to Eq.~17!. The
current direction is taken to be positive when flowing t
wards the junction region and negative otherwise. As see
the figure, there is perfect rectification, i.e., current is no
zero only when the bias voltage is negative. In the top in
we show the dependenceI S5 f (Vb)uVS50 under the biasing
conditions given by Eq.~18!. The symmetry in the currents i
evident in the figure indicating perfect switching. As can
seen in the figure,I S is always positive regardless of wheth
the biasing is from the left or right branches. Further insig
into the switching properties can be gained by studying
VS5 f (Vb) dependence given by the biasing condition in E
~19!. The results are shown in the bottom inset. The pa
6-5
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FIG. 2. The four different Y junctions made up of all zigza
arms. They consist of;~a! ~14,0! stem branching into two~7,0!
tubes symmetrically,~b! three ~8,0! branches,~c! a ~17,0! stem
branching into~10,0! and ~7,0! tubes with an acute angle betwee
them and,~d! another~17,0! stem branching into~10,0! and ~7,0!
tubes, but with a different angle between the branches than in~c!. In
~a!, S,L andR denote stem, left, and right branches, respectively
the Y junction. The atoms forming the defect rings are shown
dark.

FIG. 3. The I-V characteristics of the~14,0!-~7,0!-~7,0! symmet-
ric Y junction @Fig. 2~a!# biased according to Eq.~17! showing
rectification. The current direction is taken to be positive wh
flowing towards the junction region and negative otherwise. The
inset showsI S5 f (Vb)uVS50 dependence under the biasing con
tions given by Eq.~18!. The symmetry in the currents indicate
perfect switching. The bottom inset showsVS5 f (Vb)u I S50 depen-
dence given by the biasing condition in Eq.~19!.
16541
bolic dependence ofVS on Vb seen is very similar to tha
observed in the case of Y-branch switches~YBS!56 made
from materials other than carbon nanotubes, as for exam
in YBSs based on the InP/InxGax21As heterojunctions.47

The I -V characteristics of the~17,0!-~10,0!-~7,0! Y junc-
tion @Fig. 2~c!# biased according to Eq.~17! is shown in Fig.
4. As seen in the figure, there is no rectification for th
asymmetric Y junction. The top inset shows theI S
5 f (Vb)uVS50 dependence under the biasing conditions giv
by Eq.~18!. Although, the arrangement of defects is identic
to that in Fig. 2~a!, there is asymmetry in the currents and t
loss of the perfect switching feature. TheVS5 f (Vb) depen-
dence@biased according to Eq.~19!# of this Y junction is
shown in the bottom inset. As seen in the figureVS(2Vb)
ÞVS(Vb) and there is no overall parabolic dependence.

We also note that results of the conductance calculati
for the ~8,0!-~8,0!-~8,0! Y junction @Fig. 2~b!# were very
similar to those obtained for the~14,0!-~7,0!-~7,0! Y junction
@Fig. 2~a!#, i.e., rectification and perfect switching. Not su
prisingly, results for the Y junction in Fig. 2~d! were very
similar to those obtained for the Y junction in Fig. 2~c!.

We have also calculated theI -V characteristics of a
~14,0!-~10,0!-~7,0! Y junction. This junction, although asym
metric, shows perfect rectification despite not exhibiti
switching properties.

We next study Y junctions with stem and branches co
sisting of ‘‘armchair’’ nanotubes. In Fig. 5 we show two suc
Y junctions. They consist of~a! ~10,10!-~5,5!-~5,5! and ~b!
~10,10!-~5,5!-~4,4! Y junctions. They each contain topolog

f
n

p

FIG. 4. TheI -V characteristics of the~17,0!-~10,0!-~7,0! asym-
metric Y junction@Fig. 2~c!# biased according to Eq.~17! showing
the absence of rectification. The top inset shows theI S

5 f (Vb)uVS50 dependence under the biasing conditions given by
~18! showing asymmetry in the currents and the loss of the per
switching feature. The bottom inset shows theVS5 f (Vb)u I S50 de-
pendence.
6-6
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TRANSPORT PROPERTIES OF SINGLE-WALL CARBON . . . PHYSICAL REVIEW B65 165416
cal defects in the form of six heptagons. TheI -V character-
istics of the symmetric~10,10!-~5,5!-~5,5! and asymmetric
~10,10!-~5,5!-~4,4! Y junctions are shown in Figs. 6 and 7
respectively. In each of these cases there is asymmetry
some leakage currents for positive bias voltages. The
insets containI S5 f (Vb)uVS50 dependence under the biasin

conditions given by Eq.~18! and show negative resistanc
and lack of perfect switching. The bottom insets showVS

5 f (Vb) dependence indicating lack of perfect switchin
The insets also show the manifestation of topological as
metry in the case of the~10,10!-~5,5!-~4,4! Y junction. We
have also considered a~10,10!-~3,3!-~3,3! Y junction. The
results obtained were similar to the~10,10!-~5,5!-~5,5! case.

FIG. 5. Y junctions with stem and branches consisting of ‘‘ar
chair’’ nanotubes. They are;~a! ~10,10!-~5,5!-~5,5! and,~b! ~10,10!-
~5,5!-~4,4! Y junctions.
16541
ith
p

.
-

B. Y junctions with change in chirality on branching

In Fig. 8 we show four different Y junctions. They consi
of ~a! ~10,10!-~8,0!-~8,0!, ~b! ~10,10!-~9,0!-~9,0!, ~c! ~14,0!-
~4,4!-~4,4!, and~d! ~18,0!-~4,4!-~4,4! Y junctions. In each of
these Y junctions, the chirality of the branches differ fro
that of their stems. In~a! the metallic armchair nanotub
branches into two semiconducting zigzag nanotubes. TheI -V
characteristics are shown in Fig. 9 and shows asymme
I -V characteristics with some leakage currents for posit
bias voltages. The top inset containsI S5 f (Vb)uVS50 depen-

dence under the biasing conditions given by Eq.~18! and
shows negative resistance and lack of perfect switching.
absence of perfect switching is further evident in theVS

5 f (Vb) dependence shown in the bottom inset.
The I -V characteristics of the structure in Fig. 8~b! in

which a~10,10! metallic nanotube branches into two metal
zigzag ~9,0! nanotubes is shown in Fig. 10. As seen in t
figure, there is asymmetry with some leakage currents
positive bias voltages. The top inset containsI S
5 f (Vb)uVS50 dependence and shows perfect switching a
no negative resistance. The perfect switching is also evid
in the VS5 f (Vb) dependence shown in the bottom inset.

The ~14,0!-~4,4!-~4,4! Y junction @Fig. 8~c!# constitutes a
semiconducting zigzag nanotube branching into two meta
arm-chair nanotubes. TheI -V characteristics of this Y junc-
tion is given in Fig. 11 and shows perfect rectification.

The ~18,0!-~4,4!-~4,4! Y junction @Fig. 8~d!#, on the other
hand, constitutes a metallic zigzag nanotube branching
two metallic arm-chair nanotubes. TheI -V characteristics of
this Y junction is given in Fig. 12 and also shows perfe
rectification.

-

e
.
n

-

FIG. 6. The I-V characteristics
of the symmetric ~10,10!-~5,5!-
~5,5! Y junction @Fig. 5~a!# show-
ing asymmetry with some leakag
currents for positive bias voltages
The top and bottom insets contai
I S5 f (Vb)uVS50 and VS

5 f (Vb)u I S50 dependences, re
spectively.
6-7
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FIG. 7. TheI -V characteristics
of the asymmetric~10,10!-~5,5!-
~4,4! Y junction @Fig. 5~b!# also
showing asymmetry with some
leakage currents for positive bia
voltages.
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A careful review of these results suggest the following

~i! Perfect rectification is obtained for symmetric carb
nanotube Y junctions consisting of zigzag stems. These ju
tions also exhibit perfect switching features.

~ii ! Asymmetric Y junctions show no rectification and d
not exhibit switching properties; an exception being t
~14,0!-~10,0!-~7,0! Y junction. It is worth noting that the
angle between the branches here is close to 90o.

~iii ! Y junctions containing arm-chair stems, althou
showing asymmetricI -V characteristics, exhibit small leak

FIG. 8. Four Y junctions consisting of~a! ~10,10!-~8,0!-~8,0!, ~b!
~10,10!-~9,0!-~9,0!, ~c! ~14,0!-~4,4!-~4,4!, and ~d! ~18,0!-~4,4!-~4,4!
Y junctions. The atoms forming defect rings are shown in dark
each of these Y junctions, the chirality of the branches differ fr
that of their stems. The atoms forming the defect rings are show
dark.
16541
c-

age currents for positive bias voltages~‘‘imperfect rectifica-
tion’’ !. This feature is found to be independent of the chir
ity and symmetry of the branches.

These observations and the fact that all tubes were stu
under the same bias conditions lead to the conclusion
perfect rectification and switching properties are intrin
properties of Y junctions exhibiting specific symmetry (D2v)
and consist of zigzag stems@i.e., (n,0! type#.

The D2v symmetry of the tubes that we studied is r
flected in theVS5 f (VL52VR5Vb)u I S50 and I S5 f (VL5

2VR5Vb)uVS50 dependences shown in the lower and upp
insets of Figs. 3, 6, 9, 10, 11, and 12, respectively. Th
dependences were found to satisfy the following relation

VS~Vb!5VS~2Vb!,Vb5VL52VR , ~20!

I S~Vb!5I S~2Vb!,Vb5VL52VR . ~21!

Small deviations observed in some cases are due to s
deformations due to the dynamical relaxation proce
Clearly, the relations~20! and ~21! are not satisfied by the
asymmetric tubes. It should be pointed out that the relat
VS5VS(Vb),Vb5VL52VR is very sensitively dependent o
the chirality of the branches and declines significantly fro
the parabolic dependence found in the Y bran
switches.47,57 In some cases, where a dip is observed in
variation ofVS as a function ofVb5VL52VR , ~in an oth-
erwise monotonic behavior!, it is observed that the corre
sponding variationI S(Vb)5I S(2Vb) ,Vb5VL52VR ex-
hibits regions of negative differential resistance~NDR!. This
appears very pronounced in the case of the~10,10!-~8,0!-
~8,0! YSWCN and to a lesser extent in the~8,0!-~8,0!-~8,0!
YSWCN. The technologically important properties exhibit

n

in
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TRANSPORT PROPERTIES OF SINGLE-WALL CARBON . . . PHYSICAL REVIEW B65 165416
FIG. 9. TheI -V characteristics
for the ~10,10!-~8,0!-~8,0! Y junc-
tion @Fig. 8~a!# showing asymme-
try with some leakage currents
The top inset contains I S

5 f (Vb)uVS50 dependence unde
the biasing conditions given by
Eq. ~18! showing negative resis
tance and lack of perfect switch
ing. The bottom inset containsVS

5 f (Vb)u I S50 dependence con
firming lack of perfect switching.
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such as rectification, switching, and the NDR make
YSWCN a very promising material in the emerging nan
device industry.56

Similar rectification and/or switching properties were e
perimentally observed in Y-shaped branch switches~YBSs!

FIG. 10. TheI -V characteristics for the~10,10!-~9,0!-~9,0! Y
junction @Fig. 8~b!# showing asymmetry with some leakage cu
rents. The top inset containsI S5 f (Vb)uVS50 dependence under th
biasing conditions given by Eq.~18! showing no negative resistanc
but perfect switching. The bottom inset containsVS5 f (Vb)u I S50

dependence confirming perfect switching.
16541
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of D2v symmetry made of InP/InxGax21As heterojunctions47

and in the asymmetric microjunction studied by Songet
al.58,59 In the former case, the rectification and switchin
properties were attributed to features of ballistic transp
inherently related to the InP/InxGax21As heterojunctions. In
the latter case, the rectification properties were attributed
dynamical nonlinear effects associated with the asymm
of the microjunction. It should be noted, however, that t
symmetric device studied by Song contained an asymme
scatterer. Some other theoretical investigations on the re
fication properties of YBSs attribute their properties
self-gating56,60and doping effects.12,14Our findings are more
consistent with the theoretical conclusions arrived at by T
boux et al.61 who found that symmetry-dependent interfe
ence effects can change the metallic character of zig
YSWCNs to semiconducting.

VI. DISCUSSION

The results presented in Sec. V seem to suggest that
tification observed in Y-junction nanotubes cannot be sim
explained by chirality considerations alone and a numbe
other factors must be considered. We, therefore, invok
model calculation to seek explanations for the rectificat
phenomena in carbon nanotube Y junctions.

Observing that interference is a general phenomenon
branched topologies, Trebouxet al.61 proceeded with one-
dimensional-model~1D-model! calculations to demonstrat
the effect of interference on the transmission properties
Y-shaped nanotubes. They have shown that main factors
6-9
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FIG. 11. TheI -V characteris-
tics for the ~14,0!-~4,4!-~4,4! Y
junction @Fig. 8~c!# showing per-
fect rectification.
n
in

on,
be
fluencing the transmission functionTLR(E) from the left~L!
to the right~R! branch include;~i! the details~symmetry and
geometry! of the Y junction ~the ‘‘spacer’’ in Treboux’s
terms! and ~ii ! the length of the central~S! branch.

We perform, 1D-model calculations using similar reaso
ing as Treboux’set al. by considering the systems shown
Fig. 13. In this model system A@shown in Fig. 13~a!# con-
sists of 60 atoms~20 in each branch! in a Y-shaped geometry
16541
-

in which the spacer consists of a single atom~to be termed
spacer-A atom!. In the same model, system B@shown in Fig.
13~b!# consists of 63 atoms~20 in each branch! in a Y-shaped
geometry in which the spacer has the form of an hexag
i.e., all of the atoms making up the hexagon are taken to
spacer atoms~to be termed spacer-B atoms!. We denote the
on-site energy of the spacer atoms byEx and the on-site
energy of all the other atoms~in all three branches! by E0.
FIG. 12. TheI -V characteris-
tics for the ~18,0!-~4,4!-~4,4! Y
junction @Fig. 8~d!#, also showing
perfect rectification.
6-10
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TRANSPORT PROPERTIES OF SINGLE-WALL CARBON . . . PHYSICAL REVIEW B65 165416
Also, we denote byVx the hopping integral between th
spacer-A atom and its nearest neighbors~n.n! or the hopping
integral between n.n spacer-B atoms. The hopping inte
between all the other n.n. is denoted byV. For these two
model systems we applied our formalism~described in Sec
III ! for the calculation of the various components of t
transmission function,Ti j (E), i , j 5L,R,S. The connection
to the metal leads is described by a self energy termS j , j
5L,R,S which is taken to be independent of the energy.
actual value, within a reasonable range of values, was fo
not to affect the qualitative features of our results.

Our results for Ti j (E), i , j 5L,R,S as a function of energy
E, for differentEx andVx values are shown in Figs. 14 an
15 corresponding to models A and B, respectively. In Fig.
corresponding to model A, we takeE0525 and the hopping
integral not involving the spacer atoms,V522.5. As seen in
the figure,TLC(E)5TRC(E)ÞTRL(E). This is because two
of the branches behave essentially as chains of 21 at
~including the spacer! while the third arm behaves as a 2
atom chain. In a 61-atom system the three transmission

FIG. 13. Two 1D models used to explain rectification.~a! Model
system A consisting of a Y-shaped geometry in which the spa
consists of a single atom and~b! model system B consisting also o
a Y-shaped geometry in which the spacer has the form of an h
gon, i.e., all of the atoms making up the hexagon are taken to
spacer atoms.
16541
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efficients would have been identical for branches of eq
length~see model B results below!. Nevertheless, the system
studied illustrates the effect of branch length on the transm
sion coefficients as shown by our model-A calculations. F
ure 14~a! is analogous to that of Trebouxet al. for the case of
the semi-infiniteS branch. The Y junction appears to allo
transmission over the whole energy band. A noticeable
ference, however, can be seen in our results as comp
with those of Trebouxet al. This is the oscillations that we
find in the energy dependence of theT(E)’s. Another more
interesting feature that emerges from our calculations is
dependence ofT(E)’s on the on-site and hopping integrals
the spacer atoms. As can be seen in Fig. 14~b!, the qualitative
features of the transmission functions are not affected b
rather large variation in the on-site energy of the spa
atom. The situation changes dramatically, however, as theVx
integral changes. In particular, the transmission now is
stricted within a much narrower energy window around t
Fermi energy@see Fig. 14~c!#. A simultaneous variation ofEx
and Vx @Fig. 14~d!# produces dramatic shifts in the energ
window over which the tube is transmitting. We attribute t
rectification properties of the Y tube to this shift.

In the case of model B@Fig. 13~b!#, on the other hand, the
presence of the hexagonal spacer results in a noncondu
energy window@shown in Fig. 15~a!# in accordance with the
results of Trebouxet al. However, as it is apparent from Fig
15, the variation ofEx and/or Vx may turn the tube from
nonconductive to conductive@see Figs. 15~b! and 15~c!# or
may shift the conductive energy window@see Fig. 15~d!#. We
attribute, once again, the rectification properties of the
tubes to this shift. We also note that the behavior of
transmission functions,Ti j , in the bottom right panels o
Figs. 14 and 15 is very similar to that of the~14,0!-~7,0!-
~7,0! Y junction shown in Fig. 2 of Ref. 15 for E>EF .

As Trebouxet al.observe, the presented model results
expected to be valid in zigzag Y-shaped SWCNs in an ene

er

a-
e

f a
FIG. 14. Results forTi j (E), i , j 5L,R,S as a
function of energyE, for differentEx andVx val-
ues corresponding to model A@Fig. 13~a!# show-
ing oscillatory features. The spacer consists o
single atom in the middle.
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FIG. 15. Results forTi j (E), i , j 5L,R,S as a
function of energyE, for differentEx andVx val-
ues corresponding to model B@Fig. 13~b!#. The
spacer consists of atoms arranged in the form
an hexagon.
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window in which they have two conducting channels b
cause these channels belong to the sameE-irreducible repre-
sentation of their corresponding group symmetry. From
practical point of view, these results make clear that the
junctions may be engineered appropriately in order to p
form in a desired way.

VII. CONCLUSION

We have presented results of quantum conductivity ca
lations for various carbon nanotube Y junctions using an
ficient Green’s-function embedding scheme. The results
dicate that rectification and switching properties of the
junctions depend strongly on the symmetry and to a les
degree to chirality suggesting that quantum interference
fects are directly influential in rectification. This is furthe
supported by our simple model calculations.
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APPENDIX: GENERALIZED EULER’S RULE

In this appendix we show the equivalence of Euler’s fo
mula with the the consideration proposed by Crespi.
16541
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The Euler’s formula for polygons on the surface of
closed polyhedron is

N~5!2N~7!22N~8!512212G, ~A1!

whereN(5), N(7), andN(8) are the number of pentagon
heptagons and octagons, respectively, andG is the genus
~number of holes!.17

The generalized Euler’s rule proposed by Crespi

F1V5E1222G, ~A2!

where,F,V, and E, are the number of faces, vertices, a
edges, respectively, can be shown to be equivalent to
Euler’s formula as follows. Neglecting contributions from a
hexagons, the number of faces are given by

F5N~5!1N~7!1N~8!. ~A3!

Since each vertex in ansp2 structure is shared by three poly
gons,

V5@5N~5!17N~7!18N~8!#/3. ~A4!

Similar consideration for the edges leads to

E5@5N~5!17N~7!18N~8!#/2. ~A5!

Substituting Eqs.~A3!, ~A4!, and~A5! in Eq. ~A2! we obtain
Eq. ~A1!.
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